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Abstract 

This report documents a survey of the literature, and provides a compilation of data contained 
therein, for the 32S(p,y)33C1 reaction. Considerable attention is paid to properties of the levels in 33Cl 
which are located in the vicinity of excitation of the compound-nuclear system 32S + p near the proton 
separation energy for 33C1. It is this particular energy region which is especially important for 
applications in nuclear astrophysics. Summaries of all the located references are provided and 
numerical data contained in them are compiled in EXFOR format where applicable. 
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1. Introduction 

The (p,y) and (p,a) hydrogen-burning reactions for nuclei in the mass range A = 30-50 are 
important for understanding energy generation and nucleosynthesis in hot and explosive stellar 
environments such as those found in novas and supernovas [A96, C83, RR881. Reactions of the type 
(p, y ) contribute to the production of progressively heavier nuclei while (p, a )  reactions are 
responsible in part for their destruction. Detailed knowledge of the competition between these 
reaction processes is of considerable importance in gaining an understanding of the relative 
abundances of various nuclear species that are generated in hot stellar environments and ultimately 
ejected into the interstellar medium as a consequence of violent nova and supernova processes. 

Due to Coulomb barrier effects, the cross sections for these reactions tend to be quite small 
and difficult if not impossible to measure directly for energies of astrophysical interest. Furthermore, 
they tend to vary rapidly with interaction energy. The corresponding reaction rates for a Maxwellian 
distribution of reactant energies are also very sensitive to the temperature of stellar environment in 
question. Consequently, it is usually necessary to calculate the reaction cross sections using nuclear 
models and then derive reaction rates from these results. In the mass range A = 30-50, the cross 
sections can be influenced by prominent discrete resonances in the compound-nuclear systems as well 
as by continuum-compound and direct interaction processes. The relative importance of these 
mechanisms depends on structural details for the target nuclei involved. Extensive information on 
nuclear potentials, nuclear level densities, spins and parities of specific nuclear levels, and properties 
of discrete resonances and their decay modes (usually involving electromagnetic transitions) must be 
considered in performing these calculations. 

A long-term program of compiling some of the important information needed for determining 
(p,y) and (p,a) reaction rates involving targets in the mass range A = 30-50 has been undertaken at 
Argonne National Laboratory. The scope of this program is as follows: i) collect pertinent references 
from the literature; ii) prepare summaries of these references; iii) extract numerical values from these 
works and compile them in computerized data files for convenient access. Nuclear Science References 
(NSR) is used as the principal reference source for this activity [NSR97]. The emphasis, with a few 
exceptions, is on work reported during the last 30 years. 

The present report focuses on the 32S(p,y)33C1 reaction. A total of 27 reference citations 
pertaining to the 32S(p, y)33C1 reaction were extracted from NSR. It was possible to locate 17 of these 
contributions through the available resources of the Argonne National Laboratory Technical 
Information Services. Summaries of these works appear in Section 2 while data files in EXFOR 
format [C3[NDA97], corresponding to references containing numerical as well as descriptive 
information, appear in Appendix A. The references to works included here are identified by codes for 
convenience in accessing the compiled information, e.g., the contribution of Aleonard et al. (1 974) 
is identified by the code A+74. In some cases two or more references are collected under the same 
code because of similarity or duplication. Absolute values of resonance strengths S = (2J+l)I'$,/r 
(where J = resonance spin, I?, = proton partial width, I', = gamma partial width and I' = total w~dth) 
for 32S(p,y)33C1 which were reported in some of these references are collected into a single table 



(Table 2) in Section 3 of the present report to facilitate their comparison. These resonance strengths 
can be used directly in calculating reaction rates according to the formalism given in Rolfs and 
Rodney [RR88] and elsewhere. 

Appendix B lists those references appearing in NSR which we were unable to locate in the 
present compilation effort. These references are given in the exact form in which they appear in the 
NSR citation. The list is included in this report for the convenience of those readers who might wish 
to try and locate some of these references and examine their content. 

Table 1: References, Summaries and EXFOR Data Files Included in this Compilation 

Ref. 
Code Author(s) 

EXFOR 
Summary File Comment(s) 

Aleonard et al. 
Aleonard et al. 
Engelbertink and P.M. Endt 
Eswaran et al. 
Eswaran et al. 
Eswaran et al. 
Eswaran et al. 
Eswaran et al. 
Hubert et al. 
Iliadis et al. 
Keinonen et al. 
Kiss et al. 
Prosser et al. 
Raisanen et al. 
Sargood 

X X 
X X 
X X 
X X 
X 

Related to EIR72 
Related to E+75 

x (A>" 
x (A) Related to A+74 
X X 
X X 
X X 
x (A) 
X X 
X X 

" (A): Summary consists of the given abstract only. 



2. Summaries of Work Reported in the Literature 

Written summaries were generated for those collected references where the content merited 
such an effort. Some of these references contain rather extensive information that is potentially usehl 
for nuclear astrophysics applications while others are either abstracts or short communications that 
are basically extended abstracts. Repetition is avoided when identical material appears in more than 
one location. The lengths of the summaries presented here tend to reflect the relative content of 
pertinent information in the corresponding references. Those summaries with considerable 
information are organized according to a more or less standard format for the convenience of the 
reader. All the numerical information that was compiled in EXFOR format is printed in Appendix A 
but is not duplicated in the summaries. 

TITLE 

Strengths of (p,y) Resonances in 33C1, 35C1 and 28Si 

REFERENCE 

M.M. Aleonard, C. Boursiquot, P. Hubert and P. Mennrath, Physics Letters 49B, No. 1, 40 (1974). 

ABSTRACT 

Absolute strength measurements have been performed for the Ep = 580 and 588 keV 32S(p, y )33C1, Ep 
= 1214 keV34S(p,y)35C1 and Ep= 633 and 744 keV 27Al(p,y)28Si resonances with a Ge(Li) detector. 
Results are discussed with regard to the decay of isobaric analog resonances in 35C1 and 37C1. 

REACTION 

32S(p,y)33C1 

FACILITY 

4-MV Van de Graaff accelerator, Centre d'Etudes Nucleaires de Bordeaux-Gradignan, France. 

EXPERIMENT 

Previously, absolute strength measurements had been hard to perform and often the discrepancies in 
the results were very large. The aim of this experiment was to benefit fiom the new, more reliable 
Ge(Li) detectors that had become available to measure absolute (p,y) resonance strengths. 



Measurements are described for the following resonances: 32S(p,y)33Cl ( Ep = 580 and 588 keV), 
34S(p,y)35C1 (Ep = 1214 keV) and 27Al(p,y)28Si (Ep = 633 and 774 keV). The latter reaction was 
studied primarily as a check on the fidelity of the experimental procedures. Because of the importance 
of target stoichiometry, the elemental sulphur measurements were performed using more than one 
type of target, namely, the sulphur compounds Ag2S, CdS and ZnS. 

MEASUREMENT PROCEDURES 

Most of the details of the apparatus and set-up for this experiment are described in a paper (in 
French) which documents an earlier investigation by Hubert et al. [H+72]. The abstract appears later 
in the present report. A brief description of these experimental issues and of the present experiment 
is included here: The 4-MV Van de Graaff accelerator at Centre d'Etudes Nucleaires de Bordeaux- 
Gradignan, France, was used. The proton beam from this accelerator was deflected through 90" by 
a magnet, passed through slits to stabilize and define it and then focused onto the target by a 
quadrupole lens doublet. A wall of 1-meter-thick concrete was placed between the target and exit slits 
(separated by 5 meters) in order to reduce the gammas and X-rays produced by the accelerator. In 
the present experiment the beam intensity was on the order of 10 microamperes so there were no 
problems with deadtime and target deterioration. The latter was checked before and after each 
measurement using a NaI detector. An 80-cm3 Ge(Li) detector was placed at an angle of 55 " relative 
to the incident beam to measure gamma-ray yields. This detector's efficiency was determined using 
calibrated sources and gamma-rays from (p, y)  resonances whose decay schemes were well known. 
Proton charge was also recorded and a suppressor ring was set at a negative potential to minimize 
the effects of secondary electron emission. Proton-beam charge losses due to the cooling water jet 
were negligible and the accumulated charge was frequently checked for consistency using a current 
generator. The measurements were carried out using thick targets of Ag2S, CdS and ZnS. The Ag2S 
targets were prepared according to a method described by Watson et al. (Rev. Sci. Instr. 37, 1605, 
1966) while the CdS and ZnS targets were prepared by evaporation in vacuo. Resonance strengths 
for the sulphur (p,y) reactions were determined with all three of these targets in order to minimize 
systematic errors traceable to target stoichiometry. Fresh aluminum targets were always used for the 
measurements on 27Al(p,y)28Si in order to minimize any effects of surface oxidation. 

DATA ACQUIRED 

Absolute resonance strengths were measured for each of the reactions and levels indicated above, 
using the three sulphur target types mentioned above and the observed yields of the strongest andlor 
most specific gamma-ray transitions (see Table 1 in the article [A+74]). Although of little direct 
interest here, relative strength measurements were also performed for the Ep = 588 (33C1) and 12 14 
keV CSC1) resonances in chlorine using a NaI detector and thin Ag2S targets (see Table 2 in the article 
[A+74]). This study provided still another check on the reliability of the present results. 

DATA ANALYSIS 

The approach used in analyzing the data from this experiment is described briefly in the paper. The 



resonance strength is defined as S = (2J+l)rprY/r, where J is the spin of the resonance level and I?,, 
I?., and r are the proton partial, gamma-ray partial and total widths, respectively. Good knowledge 
of isotopic constitution, proton stopping power, collected charge and Ge(Li) detector absolute 
efficiencies is required to convert the measured gamma-ray yields to resonance strengths. Data on the 
sulphur (p,y) reactions obtained with three different targets were averaged to get final resonance 
strengths. Comparable, individually measured values agreed within the estimated errors. The relative 
(p,y) resonance strengths for 33C1 (E, = 588 keV) and the 35C1 (E, = 1214 keV) were derived fiom 
thin target, NaI detector data without regard to either target constitution or proton stopping power. 

RESULTS AND DISCUSSION 

The present absolute resonance-strength results were compared with previously reported values (see 
Table 1 in the article [A+74]). The discrepancies in the results of these various strength measurements 
are quite large, particularly for the sulphur (p,y) reactions, however no explanation of the differences 
is offered in this paper. In the case of the 33C1 (E, = 588 keV) and the 35C1 (E, = 12 14 keV) results, 
the experimental values are systematically much lower than comparable M1 strengths calculated from 
theory (see Table 2 in the article [A+74]). This suggests that it would be necessary to introduce more 
configuration mixing to describe the properties of the negative parity levels in these nuclei, however 
this is not a relevant issue in the present context. 

TITLE 

Etude des Etats Excites du 33C1 a 1'Aide de la Reaction 32S(p, y)33C1 

REFERENCE 

M.M. Aleonard, Ph. Hubert, L. Sarger and P. Mennrath, Nuclear Physics A257, 490 (1976). [In 
French]. 

ABSTRACT 

Energies and strengths of resonances of the 32S(p,y)33C1 reaction were determined in the range E, = 

0.4-2.6 MeV. Three new resonances were observed respectively at E, = 1588, 1748, 1880 keV and 
the doublet of resonances at E, = 1900 keV was clearly shown. The (p,y) strengths of resonances 
at E, = 422, 580, 588, 721 and 2577 keV were measured with a 80 cm3 Ge(Li) detector. The Q-value 
of this reaction and the energies, y -ray branchings and mean lifetimes of levels were determined. The 
spins and parities of the Ex = 2.35, 3.82, 3.97, 3.98, 4.78 MeV levels have been measured. A 
comparison of y -ray transition strengths with mirror transitions and with model predictions is made 



in the present work [A+76]. 

REACTION 

FACILITY 

4-MV Van de Graaff accelerator, Centre &Etudes Nucleaires de Bordeaux-Gradignan, France. 

EXPERIMENT 

The present work [A+76] was undertaken to extend and improve an investigation that was reported 
earlier [A+74]. It concerns the properties of levels in 33C1 excited by the 32S(p,y)33C1 reaction. In 
particular, measurements were made of gamma-ray branching, mean lifetimes, radiative widths of 
unbound states, and angular distributions and multipolarities of electromagnetic transitions which de- 
excite the levels of 33C1. This work also aimed at identifjring new resonances in the 32S(p,y)33C1 
reaction and at producing accurate values for resonance energies and strengths associated with this 
process. Extensive analysis of these data in the context of nuclear models is carried out and 
comparisons with earlier work are presented. 

MEASUREMENT PROCEDURES 

The basic experimental approach has been described in the earlier communication [A+74]. The target 
was designed to be of relatively low mass. A negative bias was applied to the target assembly to 
minimize secondary-electron emission. The beam passed through a liquid nitrogen cold trap that was 
intended to trap vapors of carbon and fluorine that might contaminate the targets. Beam energy 
resolution on the order of 1 keV at E, = 1750 keV was obtained. Targets of sulphur enriched to 
99.86% 32S were utilized for nearly all aspects of this experiment. They consisted of 15-120 pg/cm2 
of Ag2S on a gold support prepared by the method of Watson et al. (Rev. Sci. Instr. 37, 1605, 1966). 
However, targets of natural sulphur in the form of Ag2S, CdS and ZnS were also employed in much 
the same fashion as described earlier [A+74] for the absolute resonance strength measurements. 
Finally, the E,, = 422 and 721 keV resonances were investigated using thick targets (> 1 mg/cm2). 
These CdS and ZnS targets were prepared by vacuum evaporation onto a gold support 0.1 mm thick. 
The evaporation of a very thin layer of gold (a few Clg/cm2) onto the surface of these targets insured 
a better tolerance to the proton beam. The excitation fbnction was measured using a NaI (12.7 x 12.7 
cm) placed at 55" relative to the proton beam. Dual discriminators allowed the selection of gamma- 
ray events with energies above 0.6 and 1.8 MeV, respectively. Resonance strengths and gamma-ray 
de-excitation spectra were measured with an 80-cm3 Ge(Li) detector placed 3.5 cm from the target 
at 55". When measuring the lifetimes of states in 33C1, this detector was moved back to 8 cm distance 
and was placed both at 0" and at the fbrthermost accessible back angle, namely, 132". Finally, a 60- 
cm3 Ge(Li) detector placed 3.5 cm &om the target was used as a monitor during the angular 
distribution measurements with the 80-cm3 detector. Gamma-ray spectra were recorded with a 4096- 



channel Intertechnique analyzer. These spectra were then transferred to a PDP- 15 computer. Further 
analysis of the gamma peaks in these spectra was accomplished with an IRIS 80 computer. The 
gamma spectra were calibrated using reference gamma-ray lines &om %a, % and 208T1. The garnma- 
ray energy resolution was determined to be 2.4 keV for the 80-cm3 Ge(Li) detector and 2.7 keV for 
the 60-cm3 Ge(Li) detector, both for the 1.3-MeV 60Co line. The 32S(p,y)33C excitation function was 
measured in the range E, = 560-2600 keV in steps of 0.5-1 keV over the whole energy range. The 
Ag2S targets used during this work were of the order of 15 pg/cm2 thick. The accelerator energy 
calibration was achieved using the following well-known resonances: '"(p, y )35C1 (E, = 12 13.711.0 
keV), 27Al(p,y)28Si (Ep = 632.6t0.2 and 773.70a0.03 keV) and 13C(p, y)14N (Ep = 1747.6*0.9 keV). 
The state of the targets was examined periodically by looking at the 588-, 1757- and 2547-keV 
resonances in 32S(p,y)33C1. Absolute measurements of resonance strength for the 5 80- and 5 88-keV 
resonances were performed using thick targets of various chemical compositions of sulphur and the 
80-cm3 Ge(Li) detector, as described earlier [A+74]. Relative strengths for other resonances were 
measured using Ag2S targets and the NaI detector. The lifetimes of states in 33C1 were measured using 
the well-known Doppler-shift attenuation method using the 80-cm3 Ge(Li) detector. The gamma-ray 
branching of many of the excited states in 33C1 were known quite well, so this investigation focused 
on studies of new resonances and of certain negative parity states for which the branching had not 
been determined very precisely. Angular distribution measurements were performed at 0, 30, 45, 55 
and 90". 

DATA ACQUIRED 

The present investigation [A+76] for 32S(p,y)33C1 provided data which yielded an excitation function 
from 560-2600 keV that served to locate three new resonances, enabled resonance strengths to be 
determined for 14 resonances, provided precise energy determinations for eight excited states in 33C1, 
yielded lifetimes for five excited states in 33C1, generated angular distribution coefficients for four 
gamma-ray transitions in 33C1, allowed spinlparity estimations to be made for 1 1 excited states in 33C1, 
and, finally, permitted MllE2 multipole mixing ratios to be determined for gamma-ray transitions de- 
exciting 10 excited levels in 33CI. 

DATA ANALYSIS 

The data analysis procedures are outlined sketchily in the present paper [A+76], but reference is made 
to an earlier paper that describes a similar experiment [A+74]. The present paper [A+76] discusses 
the interpretation of these data in great detail and also makes extensive comparisons to other work. 
The details are too voluminous to include here. 

RESULTS AND DISCUSSION 

For present purposes, most of the information of interest on the 32S(p, y)33C1 reaction is contained in 
figures and tables in the present paper [A+76]. The content of these figures and tables is as follows: 
Figs. 1 and 2 (excitation function of the reaction), Table 1 (resonance energies and strengths), Table 
2 (precise values of level energies for 33C1), Fig. 4 (gamma-ray transitions which de-excite levels in 



33C1), Table 3 (lifetimes of levels in 33C1), Table 4 (angular distribution coefficients), Table 5 (spins 
and parities of 33C1 levels), and Table 6 (gamma-ray transition multipole mixing ratios). This extensive 
and apparently carefully performed investigation provides the most detailed collection of information 
on the 32S(p,y)33C1 reaction of any of the references considered in our compilation. 

TITLE 

Measurements of (p,y) Resonance Strengths in the s-d Shell 

REFERENCE 

G.A.P. Engelbertink and P.M. Endt, Nuclear Physics 88, 12 (1966). 

ABSTRACT 

Resonance strengths of selected resonances in the E, = 0.3-2.1 MeV region in the (p,y) reactions on 
24-26 UNa, Mg, 27Al, 28-30Si, 31P, 32*34S, 35,37C1, 39,41K and 40Ca are compared through relative yield 

measurements, using targets of many different chemical compounds, each containing at least two of 
the investigated isotopes. If in a (N,Z) diagram lines are drawn between isotopes connected in this 
way, one obtains several closed cycles, providing internal checks on the measured strength ratios. The 
final best values of the relative strengths are obtained by least squares analysis. The E, = 621 keV 
30 Si(p,y)31P resonance of which the strength is known from a y -ray resonant absorption experiment, 
was used to convert the relative into absolute strengths. 

REACTION 

FACILITY 

3-MV Van de Graaffand Utrecht 850-keV Cockcroft-Walton generators at the Fysisch Laboratory, 
Rijksuniversiteit, Utrecht, the Netherlands. 

EXPERIMENT 

Relative (p,y) strength measurements are made on those elements listed in the abstract. In many 
respects such relative measurements of resonance strengths are much easier to perform than absolute 
measurements, particular in experimental setups that rely on NaI detectors (in 1966 Ge(Li) detectors 



were not commonly available). For example, the necessity for knowledge of the proton stopping 
power drops out if one uses thin targets and measures the ratio of the areas under the two resonance 
peaks. Detector solid angle is also irrelevant and other quantities like secondary electron emission and 
the detector efficiency per unit solid angle enter only in second order because of differences in proton 
energy and in the y -ray spectrum at the two resonances in question. Several different targets were 
used for this experiment leading to an experimental over determination of several of the resonance 
strengths through a system of inter-related ratios. An example is given of using a NaCl target to 
obtain the Na and C1 resonances. After this, a target with one of these elements can be used and the 
ratio of say Na/S can be obtained with NaC1, KC1 and K2S0, targets. This procedure involving 
several different targets generates cyclical relationships which can be used to check consistency of 
the results. The system of equations defining these relationships between the various relative 
resonance strengths was linearized by a conversion to natural logarithms, and a least-squares analysis 
was then performed to extract best values for individual resonance strengths and to test for 
consistency of the experimental data. The well-known absolute strength of the resonance 30Si(p, 
(E, = 621 keV) was used for normalization purposes, thereby allowing the experimental relative 
(p,y ) strengths to be converted into absolute resonance strengths. 

MEASUREMENT PROCEDURES 

The Ultrecht 850-keV Cockroft-Walton and the 3-MeV Van de Graaffgenerator were used to supply 
proton beams with energies in the range E, = 0.3-2.1 MeV. Strong resonances with known y -decays 
within this energy region were selected for observation. A cylindrical 10 cm x 10 cm NaI scintillation 
crystal detector was placed at a front-face-to-target distance of 40 rnm to detect the emitted y- 
radiation. A list of the target compounds is given in the article [EE66] and most of the targets were 
prepared by vacuum evaporation onto 0.3 mm tantalum backings. The exception was Na,Si03 for 
which the evaporation procedure proved unsuitable. A relatively thick target of this material was 
prepared by painting a thin layer of the powdered material mixed with water on the target backing. 
With such a thick target, only steps in the yield curve marked the presence of resonances. All of the 
targets were prepared with elemental materials having natural isotopic abundances. This had the 
advantage of insuring well-determined target stoichiometry but had the disadvantage that no data 
could be acquired for isotopes with low abundance. The beam power was always kept below 3 W to 
avoid deterioration of these targets. A usehl check on target stability was afforded by repeating 
measurements on the first resonance at the end of a round of measurements on several other 
resonances. A calibrated current integrator was used to measure the proton charge and a negatively 
biased suppressor ring largely eliminated secondary electron emission effects. The various ratio 
measurements were repeated several times and the values reported in the tables of this article are 
averages. 

DATA ACQUIRED 

The present measurements of resonance gamma-ray yield curves obtained using various compounds 
of the elements in question enabled sixteen strength ratios for (p,y) resonances to be determined (see 
Table 1 in the article FE661). In addition, a ratio of the strengths of the resonances at E, = 454 and 



1966 keV for 26Mg(p,y)27AI was determined. This latter measurement was performed to provide a 
direct determination of the 1966-keV resonance strength for comparison with the indirect result 
which could be derived from data acquired earlier in this laboratory from a 26Mg(p,y)27Al y-ray 
resonance absorption experiment and from measurements of 2 6 ~ g  proton elastic scattering (see 
Section 4 in the article PE66J). Also, thick-target yield curves of the Ep = 414 keV "Si(~,y)~? and 
621 keV 30Si(p, y)31P resonances were measured (see Fig. 2 in the article [EE66]). 

DATA ANALYSIS 

The data analysis procedure is described only briefly in this article [EE66] and it is based mainly on 
the formulas given on pp. 14-15. The background had to be subtracted and corrections were also 
made for gamma-ray coincident- and random-summing effects. Assigned errors were based on 
consideration of the insufficient knowledge of the ratios of the partial detector efficiencies and of the 
stopping powers at the different proton energies (where applicable for thick-target data), of 
background effects and of counting statistics. These contributions were added quadratically to obtain 
the total error in the relative strengths. The relative (p,y) strengths obtained with targets of different 
thickness and prepared under different evaporation conditions did not show any differences beyond 
the combined experimental errors. The least-squares analysis performed in this work involved ten 
equations with six unknowns. It led to a normalized chi-square parameter of 1.07, indicating that the 
errors were neither under- or over-estimated. Through use of the known absolute strength of the 
30Si(p, y ) 3 1 ~  (Ep = 621 keV) resonance, the various experimental relative strengths were converted 
into absolute values for individual (p,y) reactions. The error in the normalized absolute strengths 
were found by adding quadratically to the relative error the error (8.4%) in the strength of the 
standard resonance and an estimated error (7%) for insufficient knowledge of the y -ray spectrum. 
The experimental errors in the final results were typically of the order of 15%. 

RESULTS AND DISCUSSION 

The experimental (p,y) strength ratios are given in Table 1 of the article [EE66]. The absolute 
strengths derived fiom this work are listed in Table 2. The present absolute strengths agree in many 
cases with other results reported in the literature to within the combined experimental errors. 
However, there are comparisons which differ by a factor of 2 to 3 and, in some instances, serious 
disagreements up to a factor of 50 are observed. The present results for the reaction 32S(p,y)33C1 are 
in experimental agreement with one of the previously listed works but are not in agreement with the 
other. This investigation provided a set of resonances with known strengths which could then be used 
subsequently to obtain the strengths of other (p,y) resonances on the same element through relative 
measurements. 



TITLE 

Studies on Analog States in 33C1 by Isospin-Forbidden Resonances in the Reaction 32S(p,y)33C1 

REFERENCES 

M.A. Eswaran, M. Ismail and N.L. Ragoowansi, Physical Review C5, 1270 (1972). See also: Report 
BARC-598, Bhabha Atomic Research Centre, Bombay, India, 1972 (this is a pre-publication 
document which is essentially identical to the Physical Review paper). CONF Bombay, Volume 14B, 
5, 1972 (this is identical to the abstract of the Physical Review paper). 

ABSTRACT 

The residual activity between bursts of a mechanically chopped beam has been used to measure the 
yield of the reaction 32S(p,y)33C1 systematically in the bombarding energy range E, = 3.36 to 5.41 
MeV. Two T = 312 states in 33C1 at Ep = 3.371* 0.005 MeV, Ex = 5.55010.007 MeV and at E, = 

5.282h0.006 MeV, Ex = 7.402*0.008 MeV have been located with the resonance strengths 
(2J+l)I'Jy/r = 0.76k0.18 and 1.5010.37 eV, respectively. Each of these resonances was narrower 
than the estimated 2-keV spread of the proton beam. These two states are interpreted as the analogs 
of the ground and the second excited state of 33P with JP values 112' and 5/2', respectively. y -decay 
of the lower resonance, investigated with a Ge(Li) detector, shows >88% and <12% branchings to 
the first excited state and ground state of 33C1, respectively. The M1 strengths of these transitions are 
compared with those obtained from P analog transitions and with the theoretical predictions based 
on the many-particle shell-model calculations. 

REACTION 

FACILITY 

5.5-MV Van de Graaff accelerator, Bhabha Atomic Research Centre, Trombay, Bombay, India. 

EXPERIMENT 

The present work searched for and studied the T = 312 isobaric analog states in 33C1 in the range of 
excitation from 5.5 to 7.5 MeV. The yield curve for production of 33C1 by the reaction 32S(p,y)33C1 
was measured as a hnction of proton energy. A cyclic activation technique was used in which the 
residual positron activity between bursts of mechanically chopped beams was measured with a plastic 
scintillator. Gamma-ray spectra from 32S(p,y)33C1 were then measured with a Ge(Li) detector at 
various proton energies on and off selected resonances in order to establish the resonance decay 



modes. These y -ray data were also used in resonance strength determinations. 

MEASUREMENT PROCEDURES 

A proton beam produced by the 5.5-MeV Van de Graaff accelerator was chopped mechanically and 
then collimated by a 5-mm-diameter Ta aperture. The strong resonance in 27Al(p,y)28Si at Ep = 991.91 
keV was used for calibration of the beam energy analyzing system. Periodically during the 
measurements the beam energy calibration was checked using the prominent resonance in the 
32S(p,y)33Cl reaction at E, = 3.377 MeV. A water-cooled 300 pg/cm2 target of natural Sb2S3 (12S 
isotopic abundance 95%) was prepared by evaporation onto a thick gold backing. This target was 
mounted at the center of a 5-cm-diameter, thin-walled (0.8-mm), stainless-steel chamber. The target 
was oriented at 45" to the incoming proton beam and a P-detector consisting of a 10-cm-diameter 
2.5-cm-thick plastic scintillator mounted on an XP 1040 photomultiplier tube was placed at 90 with 
the front face being 5-cm fi-om the target. This detector was used to measure positrons (P') emitted 
from the decay of 2.52-sec 33C1. Pulses corresponding to positron energy >500 keV were recorded 
with a Nuclear Data 4096-channel analyzer set up to operate in multi-channel scaling mode with a 
dwell time of 40 msec per channel. A proton beam of 2 pA was used. The proton energy loss due to 
finite target thickness was about 14 keV. This was presumably the major factor affecting the proton 
energy resolution. The 33C1 yield excitation curve was measured in proton-energy increments of 10 
keV except near individual resonances where steps of 2.5-keV or even smaller were taken. The 
operating cycle (bombard target for 4.0 sec, wait 0.5 sec and count for 10 sec) was repeated at each 
proton energy until a fixed amount of charge was accumulated, as monitored by a current integrator. 
A 30-cm3 Ge(Li) detector was placed 4.5 cm from the target to record y -ray spectra from the decay 
of resonance states identified at certain incident proton energies. Gamma yields were also measured 
at selected off-resonance proton energies to identie the background lines. A Nuclear Data 4096- 
channel analyzer was used to record all these spectra. 

DATA ACQUIRED 

The yield curve for 32S(p, y)33C1 was measured over the range E, = 3.360-5.41 0 MeV. Decay time 
curves for positron activity were recorded at each proton energy to enable background to be 
subtracted and thereby insure that the measured yield curve corresponded to just the 33C1 activity. Fig. 
1 of the article [EIR72] shows a typical decay curve. Fig. 2 in the article [EIR72] exhibits the yield 
curve resulting from this work. The incident proton energies and corresponding excitation energies 
in 33C1 where prominent resonances were observed in the yield curve are listed in Table I of the article 
FIR721 along with the corresponding levels observed in 33Ar decay from an earlier study. In the case 
ofthe resonances which appeared well isolated, estimates or limits of the widths (I") were obtained 
and they are also reported in Table I. Gamma-ray spectra taken on and off the E, = 3.371-MeV 
resonance with the Ge(Li) detector allowed for a more precise determination of the resonance width 
of that state. An attempt was made to determine the width of the E, = 5.282-MeV resonance but this 
was hampered considerably by excessive contributions from proton inelastic scattering gammas. Table 
11 ofthe article FIR721 contains both energies and resonance strengths for the T = 312 states in 33C1. 
Table III of the article FIR721 contains y -ray widths for the M I  decays of the 1/2', 312' level of 33C1 



and their comparison with the p analog transitions while Table IV contains the M1 and E2 decay 
strengths of the 112: 312' level of 33C1 and their comparison with the theoretical predictions. In order 
to check the reliability of the present resonance strength determinations, a measurement was made 
using an HH' beam to examine the E, = 0.588-MeV resonance which had been studied earlier by 
Engelbertink and Endt [EE66]. 

DATA ANALYSIS 

Decay curves generated by multi-channel scaling were fitted by non-linear least squares analysis with 
an exponential hnction plus a constant background at lower proton energies while a second 
exponential term was included at higher energies because of possible contamination from the 
32S(p,a)2? reaction (Q = -4.20 MeV). This analysis showed that there was no significant 
contribution to the measured yield from the decay of 29P with a 4.23-sec half life. Determination of 
the absolute strength of the E, = 3.371-MeV resonance was obtained by determining the thick-target 
yield of the 810-keV y-ray and utilizing published proton stopping power data and the known 
absolute efficiency of the Ge(Li) detector. A correction was made for the fact that this resonance state 
decays with a branch of >88% to the 8 10 keV first-excited state in 33C1. 

RESULTS AND DISCUSSION 

Four of the resonances observed in this work were found to have energies in quite close agreement 
with results from earlier work on 33Ar decay. A comparison of the E, = 0.588-MeV resonance 
strength measured in the present work with an earlier result from Engelbertink and Endt [EE66] 
showed excellent agreement. With regard to the lowest T = 312 state in 33C1, the value of Ml strength 
for the 5.550 to 0.810 MeV transition from the present work is in fairly good agreement with an 
earlier theoretical result. Since the multipole mixing of the M1 and E2 ratio is unknown, the best that 
could be done in the present experiment was to deduce a limit of <1.8 W.U. for the E2 strength. This 
upper limit is consistent with the theoretical value of 0.2 W.U. The data provided and extensive 
discussions on their interpretation are well organized and presented in the present article [EIR72]. 

TITLE 

A Proposed Method for Assaying Sulphur by Proton Activation Analysis Using a Low-Energy 
Accelerator 

REFERENCE 

M.A. Eswaran, N.L. Ragoowansi and M. Ismail, Report IAEA-SM-17016, International Atomic 



Energy Agency (IAEA), Vienna, Austria, 489 (1973). 

ABSTRACT 

A new method of proton activation analysis is proposed for assaying sulphur using the capture 
reaction 32S(p,y)33C1. The method involves short irradiations of a few seconds by a mechanically 
chopped beam fiom a low-energy Van-de-Graaff accelerator, coupled with the measurement of the 
residual positron activity of T, ,  = 2.52 s, resulting fiom the decay of 33C1. A plastic scintillation 
detector was used for positron counting in conjunction with a multi-channel analyzer operated in the 
multi-scaling mode with a dwell time of 40 ms per channel. The time for irradiation was 4 s and for 
counting was 10 s. The repeated irradiation-counting sequence was automatically controlled by a 
timer-relay unit which effects mechanical chopping of the beam. This activation reaction features a 
high-abundance target isotope (95%), and the method is highly selective since only the counts 
showing the correct half-life are included for the analysis. The proposal is based on our detailed study 
[EIR72] ofthe excitation function for this reaction in the bombarding-energy range 3.3 to 5.4 MeV, 
applying this technique and using the model C-N Van-de-Graaff Accelerator at Trombay. A 
sensitivity of a few pg/cm2 can be achieved by this method which is rapid and uses only a low-energy 
accelerator. This method can be fruitfully used in assaying sulphur in different materials, e.g., in 
petroleum products. 

REACTION 

FACILITY 

5.5-MeV Van de Graaff accelerator, Bhabha Atomic Research Center, Trombay, Bombay, India. 

EXPERIMENT 

The determination of sulphur content is of great importance in metallurgy, petroleum products, etc. 
Unfortunately, it is very difficult to do this by activation analysis, either with thermal or fast neutrons, 
because several elements interfere. It is proposed here that the assay of materials for sulphur can be 
done by using the capture reaction 32S(p,y)33C1 (Q = 2.29 MeV) and a relatively low-energy 
accelerator through proton activation analysis. The main goal of this experiment is to explore the 
physics aspects and to demonstrate how this new approach can be carried out. 

MEASUREMENT PROCEDURES 

The procedure is similar to that described in Ref. EIR72. Sulphur targets were prepared by 
evaporating natural antimony sulphide (Sb,S3) to a thickness of 300 pg/cm2 onto a thick gold backing. 
This target was mounted at the center of a 5 cm diameter, thin-walled, stainless steel chamber coupled 
to the beam tube. The beam of protons was collimated to a size of 5 mm by tantalum apertures. This 



beam was incident at 45 degrees to the sulfur targets. A current integrator was used to monitor the 
current of proton beams stopped in the target backing. A P-detector consisting of a 10-cm diameter 
x 2.5-cm thick plastic scintillator mounted on a XP1040 photomultiplier tube was placed at a 90" 
angle to the beam and 5 cm distant from the target. The pulses from this detector were analyzed by 
a Nuclear-Data 4096 channel analyzer operating in multi-scaling mode. A timer-relay unit controlled 
the beam chopping as well as the irradiation-counting sequence. Figure 1 of the article [ER173] shows 
a schematic diagram of the set-up. 

DATA ACQUIRED 

Time spectra for decay of 33C1 by the emission of energetic positrons (P') with endpoint energy of 
4.5 1 MeV were recorded by cyclic activation. A sample time spectrum which required 25 minutes 
to accumulate at E, = 5.283 MeV is given in Fig. 2 of the article [ERI73]. Also shown, in Fig. 3 is 
the excitation function which was determined earlier [EIR72] between the energies of 3.3 and 5.4 
MeV for the reaction 32S(p,y)33C1. Presumably, the amount of sulphur present can be deduced from 
the yield of emitted positrons. However, this also depends on target thickness, detector efficiency and 
other experimental factors. At the relatively low proton bombarding energies used in these 
measurements (E, < 5.5 MeV) there is no interference fiom other induced radioactivities unless 
silicon is present. Then, the 28Si@,y)2p reaction produces 2?P which decays by positron emission with 
a 4.23-sec half life. The end point energy of these interfering positrons is 3.945 MeV so they can be 
discriminated against by raising the detector bias, but at considerable expense to the detector 
efficiency. Another approach would be to separate the two positron radioactivities by fitting the 
observed decay curve with a sum of exponential functions plus a constant background component. 

DATA ANALYSIS 

The data analysis required is relatively unsophisticated for this approach to sulphur assay. It is 
indicated that in this particular demonstration experiment the counts in the decay curve for the first 
5-second period (Region I in Fig. 2 of the article [EN73]) were added and fiom this sum the counts 
in the later 5-second period (Region I1 of Fig. 2) are subtracted (thereby roughly eliminating the 
background). The most important requirement here is to discriminate against those events which do 
not correspond to the decay of 2.52-sec 33C1. Although no mention is made in the present article 
[ER173], various types of standard samples would be required in order to calibrate the apparatus for 
quantitative measurements of other unknown materials under reproducible conditions (beam current, 
proton energy, target thickness, geometry, etc.). 

RESULTS AND DISCUSSION 

The technique investigated in the article, using the 32S(p,y)33C reaction, is offered as a potentially 
fruitful one for assaying sulphur. The authors claim that their method is both rapid and non- 
destructive, and is applicable to both solid and liquid materials. Few data are provided to substantiate 
the claimed sensitivity of this method and the authors also fail to discuss how one might deal with 
such technical issues as target preparation, the outgassing and decomposition of materials in the 



target vacuum chamber, etc. This article does not provide any information of particular utility for 
astrophysics so the reader is referred to the more relevant information in Ref. E I . 7 2  for this purpose. 

TITLE 

T = 312 Analog Resonance in 33C1 through Capture and Inelastic Scattering of Protons 

REFERENCES 

M.A. Eswaran, N.L. Ragoowansi, D.R. Chakrabarty and H.H. Oza, Report BARC-799, Bhabha 
Atomic Research Center, Bombay, India, 24 (1975). See also: Report BARC-768, 39 (1974). 

ABSTRACT 

Though the T = 312 state in 33C1 at 7.4 MeV, corresponding to the analog of the second excited state 
in 33P, has been identified in our previous work as a sharp resonance in the reaction 32S(p, y)33C1, this 
state has not been located successfUlly in the elastic scattering of protons. Owing to the fact that such 
an analog resonance is isospin forbidden, the proton width and the total width expected are much 
smaller than for the low T background states. In the present work we obtained the excitation finction 
near this resonance for both the capture and inelastic scattering of protons from 32S under same 
experimental conditions. Using a target which is only 4 keV thick for 5 MeV protons, excitation 
fUnctions in the range Ep = 5.270 to 5.3 10 MeV in 1.3 keV steps were obtained for both the reactions 
32S(p,y)33C1 and 32S(p,p')32S by detecting the positrons in the decay of 33C1 for the former reaction and 
the gamma ray of 2.237 MeV from 32S in the latter reaction. This has revealed that just 15 keV above 
the analog state, there is a broad resonance in the inelastic scattering channel which is a low T (= 112) 
state. The presence of such a broad resonance close to the analog resonance in elastic scattering is 
likely to hamper the identification of the analog resonance. A limit on the resonance strength for 
inelastic scattering for this analog at Ep = 5.282 MeV is also obtained to be ~prp .K < 10 eV from the 
present data. 

COMMENT 

The same abstract appears in both of the references indicated above. Refs. E+74 and E+75 differ only 
in the fact that E+74 includes a figure. No textual information beyond the abstract is provided in 
either of these communications so a detailed summary has not been prepared. 



TITLE 

Etude des Etats Excites du Noyau 35C1: (I) Courbe dlExcitation de la Reaction 34S(p,y)35C1, Energie 
et Rapports dlEmbranchement des Niveaux du 35Cl 

REFERENCE 

P. Hubert, M.M. Aleonard, D. Castera, F. Leccia and P. Mennrath, Nuclear Physics A195, 485 
(1 972). [In French]. 

ABSTRACT 

Energies and resonance strengths have been determined for fifty-nine 34S(p,y)35C1 resonances in the 
range E, = 700-2100 keV. The measurement of the excitation function near E, = 15 10 keV, with a 
very thin target, shows that a strong resonance, already identified as an isobaric analog resonance, 
is split into two components. Decay schemes of forty-eight resonances were studied by means of a 
60-cm3 Ge(Li) detector. Energies and y-branchings of all bound states are given, and six previously 
unreported levels at excitations Ex = 4173.0 * 0.6, 4838 * 3,4853 * 2, 5587 * 3, 5802 * 5 and 6489 
* 5 keV have been found. The reaction Q-value is 6367.4 * 1.6 keV. 

COMMENT 

This work is included here because it provides a description of the experimental setup and 
measurement procedure which is relevant to Ref. A+74. No detailed summary has been prepared 
because most of the material in this communication is irrelevant for present purposes. 
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Direct Proton Capture on 32S 

REFERENCE 

C .  Iliadis, U. Giesen, J. Gorres, M. Wiescher, S.M. Grae R.E. Azuma and C.A. Barnes, Nuclear 
Physics A539, 97 (1992). 



ABSTRACT 

The 32S(p,y)33C1 reaction has been measured in the proton-energy range E, = 0.4-2.0 MeV. Non- 
resonant y -transitions were observed to the final states in 33C1 at Ex = 0, 8 1 1 and 2846 keV. The 
corresponding spectroscopic factors have been extracted from fits to the excitation hnctions and are 
compared to values from stripping data as well as theoretical model calculations. The astrophysical 
aspects of the 32S(p,y)33C1 reaction are also discussed. 

REACTION 

FACILITY 

3-MV Pelletron tandem accelerator, Kellogg Radiation Laboratory, California Institute of 
Technology, Pasadena, California, U. S. A. 

EXPERIMENT 

Radiative proton capture of 32S was investigated, including consideration of both resonance capture 
and off-resonance direct capture interactions. The influence of possible interference between 
resonance and direct capture is discussed. This investigation involved the measurement of y -ray yields 
at 55" and angular distributions for various proton energies in the range Ep= 0.4 - 2.0 MeV using 
a Ge detector. Both narrow and broad resonances were examined. On-resonance energies, strengths 
and gamma-ray branching were determined. Comparisons are made with the results from calculations 
made using theoretical models. Excitation functions of primary transitions to low-lying states in 33C1 
were determined off resonance and in the region of a broad resonance at 1898 keV. These data were 
also used to determine single-particle spectroscopic factors for the final states in 33C1 and to calculate 
stellar reaction rates for temperatures in the range T, = 0.05-2.0. The relative importance of 
resonances and direct capture on these stellar reaction rates is examined in various temperature 
ranges. Comparison is made with the results of earlier work reported in the literature. 

MEASUREMENT PROCEDURES 

The measurements were carried out with the 3-MV Pelletron tandem accelerator at Kellogg Radiation 
Laboratory, California Institute of Technology. An RF source installed at the terminal provided 
proton beams in the energy range 0.4 - 2.0 MeV with currents up to 65 PA. The beam energy 
resolution was 2 keV, as measured using the well-known narrow 27Al(p,y)28Si resonance at E, = 

991.88*0.04 keV. The proton energy was calibrated using this resonance as well as the 32S(p,y)33C1 
resonance at E, = 1757.230.9 keV. Sulphur targets were prepared by implanting 80-keV 32S ions into 
a 0.5-mm Ta backing using the SNICS source at the University of Notre Dame. The incident dose 
was 120 PA-h This process yielded well-defined targets with thickness -5 keV at Ep = 1760-keV 
bombarding energy. The ratio of sulphur to tantalum in these targets was determined via thick-target 












































































